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Abstract 
A recently more used method of improving weld quality at the weld transition to the plate called HFMI (High Frequency 
Mechanical Impact) has been investigated and tried on two demonstrators, a bogie beam in an articulated hauler and a dipper arm 
in an excavator, see fig. 1. The designs of the beams have been made so that thinner plates can be used and higher material 
strength can be utilized. Such an approach needs to make use of local based analysis methods and in this case the effective notch 
method was used. Recently made research has suggested SN-curves where the use of HFMI in combination with different 
material yield strengths are described and these FAT values have been used to develop allowed stress levels in the beams to 
fulfill the life requirements. All this resulted in components which were 24% and 18% lighter using plate thicknesses of 8-12 mm 
in material yield 700 MPa. They were then produced and tested in a rig to verify the designs. The results imply that the HFMI 
treatment is a very promising method to build lighter welded structures, however, the design needs to take some new 
considerations into account to succeed. 

 
Figure 1 The boggi beam (left) and excavator arm (right). 
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Introduction 
 
In construction equipment with machines such as excavators, loaders, haulers etc, there is a need to decrease the 
structural weight on many components for productivity reasons, fuel consumption and environmental care. The basic 
idea is that a decreased structural weight is replaced by an increased payload. An EU-project (FATWELDHSS) was 
thus started to investigate some new possibilities and finally demonstrate this on real components (WP1b in this 
project). 
Since the structures to a great extent are welded together, the welds will become the critical design points from 
fatigue point of view. If a lighter structure is wanted, then thinner plates need to be used implying higher stress 
levels and so the weld quality level needs to be increased accordingly and one new method to do this is to treat the 
weld toe transitions with HFMI tools (High Frequency Mechanical Impact). One important issue is that this 
treatment will greatly increase the fatigue life at this point, however, the weld root side (or other imperfections) will 
not be effected and will consequently become the new critical points needing attention. Also, the higher stresses 
normally call for a higher yield limit (HSS=High Strength Steel) and phenomenon like buckling should be checked.  
The goal in the project is to decrease the weight by at least 20% and to show this in two real components by both 
analysis and fatigue tests. The thicknesses in the current components were in the ranges of 10 to 25 mm using a 
material yield of 355 MPa. 
Modelling 
 
The fatigue analysis were carried out in FE-models, using the effective notch method, see fig 2 and ref [1]. To be 
able to run the analysis of the different welds without stumble into computer problems (large models), sub modelling 
technique was used. This can be seen in fig.3, where some help lines indicate areas where the sub models are chosen. 
Each sub model contains one weld, and even then with one sub model for the weld toe (outside) and one for the weld 
root (inside). In such an approach it is important to model a global geometry that contains the real geometry of the 
weld including the appropriate penetration, see ref [2]. The calculated deformations are then transferred from the 
global model to the borders of the sub-model, where a second run gives the stresses in the notches.  
 
  
Figure 2 Notches (R=1 mm)  Figure 3 Submodels in global model 
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Boggi beam 
The natural boundary conditions (BC) for the boggi beam are applied loads at the end and symmetry in the mid 
section. However, at the bearing, where we have a weld between the web and the conical bearing part, it is of great 
importance to model this as close to reality as possible. A simple boundary condition, such as fixed displacements in 
some directions, could give wrong results since the weld is very close to the BC, see ref [2]. Thus, the bearing with 
cylindrical layered rubber parts, is modelled with a linear model of the rubber material which is calibrated to match a 
measured spring constant.  
The main load consists of vertical forces from driving and these are taken from tough and accelerated driving on a 
test track and as such they determine both the fatigue load case and the max static load case. The fatigue load is 
recalculated from a range pair diagram to one intensity load level, which is equivalent to 1000 cycles per hour. This 
constant range load level has the same damage as the real time dependant load signal and includes all load ranges 
assuming a stress ratio R = σmin/σmax = 0, which is applicable for welds in complicated structures. The equivalent 
load was used in the analysis (as constant range), but in the rig test for fatigue, the time signals were used. 
The evaluation of the fatigue life is then made using the max principal stress range, which is compared to FAT 
225 MPa in the SN-diagram.  This approach is valid as long as the stresses mainly are perpendicular to the weld line. 
According to IIW, see ref [1], the interpretation of “mainly” is that the stresses are within ±60 degrees from the weld 
line. For shear stress conditions (bi-axial) when the principal stresses have different signs, FAT 200 is used along 
with Mises stress, see ref [3].   
Dipper arm 
For the excavator dipper arm the load situation in reality is very complex, with more than one load input coming 
from the bucket, see fig. 4. This must be regarded as a multi axial situation and various load conditions need to be 
taken into account that reflect side loads, bending moments and torsional loading at the bucket. In the design phase 
of the dipper arm pre-assumed static load cases where used to replace the complex loading conditions. With these 
load cases stress ranges where calculated and compared to limit stress ranges which were derived from appropriate 
assumptions for the distribution of the duty based on experience from field in the past. A time based fatigue analysis 
of the dipper arm has not been performed during the design phase since representative load signals for duties that 
reflect the real customer behaviour were not yet available. Later in the project, such real time signals coming from an 
actual measurement campaign in field could be identified and they were used as input for the loads in the tests. So in 
analysis, the static constant load ranges were used, but in the rig test, real time signals were used implying variable 
amplitude loading.  
The actual field measurements show that in the past the duty has been overestimated (rig test life is longer than 
analysis) so that there is room left for further reduction of the weight. 
To verify the analysis of the dipper arm in a rig test for all relevant details including the real load history is very 
difficult, since it would require a rig with a minimum of 7 independent actuators due to the complex loading. 
Therefore it was decided to focus on one of the most critical welds in the test and weld W3 was chosen (see fig. 5) as 
in this weld the direction of the principal stresses shows little variance even under complex loading conditions (the 
stresses can be approximated as being perpendicular to the weld). Therefore even with just one actuator it is possible 
to model the loading such that the stresses in weld W3 are almost equal to those obtained from field measurements.  
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Figure 4 Some of the load cases on the excavator dipper arm.
Figure 5 Dipper arm with weld W3 as the focused weld.
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Notch method and HFMI 
When the notch method is used in fatigue design, normally a fictitious radius of R=1 mm is used (for thicknesses 
> 5 mm) in the FE-model, for both weld toe and weld root. This radius is derived according to Radaij, see ref. [7], 
assuming that the real radius is 0 (conservative) and so the FE-geometry only has this radius in order to be able to 
compute a stress measure in the critical point. This computed value is then used against a Wöhler-curve (FAT 225 
for steel in as welded condition), valid for all points in all kinds of joints. 
When a treatment is applied to the weld toe, there are basically two effects occurring: the geometry is improved 
and / or compressive stresses will be introduced (both are beneficial for fatigue). When the geometry is improved (as 
in example grinding), the real radius often becomes > 0 and so the Radaij approach is not quite appropriate unless 
the FE-radius > 1 is used. For HFMI treatment, the main effect is to introduce compressive stresses even though a 
certain radius > 0 will be at hand. However, maintain the radius of 1 mm in the FE-model (neglecting the real radius) 
and let all beneficial effects from the treatment be applied to the FAT-level, a simplified method is at hand: same 
model can be used both for “as welded” and for “HFMI treated”. All needed to do in the analysis is then to increase 
the allowable stress level in the evaluation. This has been used for the HFMI method by using the following 
improved FAT levels, see ref. [8]:  

Condition   slope yield [MPa]  FAT-value [MPa] 
 
as-welded  m =3  all yield limits  225  
 
improved by HFMI  m = 5 
235 <  fy  ≤ 355  320  
355 <  fy  ≤ 550  360  
550 <  fy  ≤ 750  400  
750 <  fy  ≤ 950  450  
950 ≤  fy   500  
 
Note that the Wöhler curve inclination is increased from m=3 (as welded) to m=5 for HFMI treated welds. This 
implies that in the long run regime the improvement factor is very high while in the short run regime the 
improvement factor decreases, there is even a cross with the as welded FAT 225 curve at a certain point. 
Analysis for fatigue 
The boggi beam and the arm were analysed using different targets. The boggi beam was designed directly for a 
median target life on the test track using the equivalent load. Using the FAT 225 (valid for 95% survival probability) 
this can be derived to an allowable stress range of 386 MPa for as welded condition. For the excavator arm, the 
target was set to a failure rate at customer sites and so this could also be translated into an allowable stress range of 
529 MPa using the pre assumed static load ranges.  
For HFMI treated weld toes using a material yield of 700 MPa, the allowable stress range is increased 
considerably: first there is a lift due to the treatment (appr 1.6 which is valid for material yield 355 MPa) and then 
due to the material yield increase from 355 to 700 (1 FAT class), see ref. [8]. However, these higher allowable stress 
levels are only valid in the treated regions, others are not influenced. This means in practice that the critical point 
will move to another point, often the weld root side, where the usual allowable levels for as welded are at hand. In 
fact, if the treatment will work as indicated by the level stress increase, there must not be any root gaps at all – if 
there are any, these point will fail instead.  
For points where the stresses are higher than allowable values from the target, it is possible to instead use the 
reference stress in current design. This can be made if the current design is proven to have no failures in the field. 
However, this way of defining a new target can only be used if the designs are similar and thereby comparable in 
stress conditions. 
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Current boggi beam 
The boggi beam now in service is built in material yield 355 MPa, with plates in thickness 12 and 15 mm. The 
most critical point is the weld root side in the bearing weld (W4, W6) having a computed Mises stress of 530 MPa 
(shear conditions, see fig. 6) and so the computed fatigue life is appr 270 hours, which is below the target of 1000 
hours on test track. Next most critical point is the weld root side of the radius transition (W1, W2), which has a max 
principal stress range of 440 MPa, and so a fatigue life of appr 670 hours.  
 
 
Figure 6. Notch stresses (Mises) at weld root of weld W6 
New boggi beam 
When developing the new design, some geometrical improvements were tried. Firstly, thinner plates using t=6, 8 
and 12 mm in material yield 690 and 700 MPa were introduced. This will decrease the weight by 24%, somewhat 
more than the target. Secondly, the design was improved first by a welded ending (both sides) instead of a cast piece, 
and thirdly, by introducing a bended bottom instead of a sharp corner (removing one weld) and finally by bigger 
radius in the transition to the end of the beam. An overall demand was also to increase the penetration for welds 
having high stresses. Two welds were decided to be treated by HFMI: bearing weld (W4, W6) and radius weld (W1, 
W2), see fig. 7. The most critical weld in the new design is the weld around the bearing (W4 and W6), where a 
Mises stress range of 370 MPa was found (shear condition), see fig. 8. 
 
Figure 7. Definitions of welds and positions. 
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Figure 8. Notch stresses (Mises) in weld W4 root side
The computed fatigue life is then almost 800 hours, below target but far above the current design with a factor of 
appr 3 in life.
The HFMI treated weld toe points will have a fatigue life which is far above the target. Using the computed stress
range on weld W4 (337 MPa) and using the increasing life factors of 1.6*1.125, a computed fatigue life of at least 
10.000 hours is achieved and so the critical point is obvious something else.
Current dipper arm
The excavator dipper arm is made of plates in thickness 10, 12, 20 and 25 mm in material yield 355 MPa, see fig
9.
Figure 9. Current dipper arm
Two of the most critical welds in this design are the butt welds at the right end, where thickness is changing from 
10 to 12 mm (W3)  and back to 10 mm at the connection to the casting . Those butt welds actually have two weld
toes and backing bars inside, and one of these will be the most critical depending on the shift in thickness, see fig. 
10.
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Figure 10. Max principal stress in current design near weld W3 (butt joint).
New arm
Decreasing the thicknesses, an increase in stress is at hand. For the HFMI treated weld toe (W3), see fig. 11, the 
computed stress of 688 MPa, see fig. 12, means that as welded condition (allowing 529 MPa) is not adequate. Using
HFMI in material yield of 700 MPa, the allowable stress level is increased to 1100 MPa and implying that the
fatigue life will be increased and other points will be critical. Note that the two plates  connected by weld W3 now 
are a sub assembly which allows to remove the backing bar inside. This leads to a butt weld with four toes which
from fatigue point of view is favorable compared to the former solution. The toes inside have also been checked and
they do not become critical.
Figure 11 Geometry of new arm, W3 is the butt to the right.
t = 10 mmt = 12 mmt = 10 mm
W3
W3
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Figure 12 Max notch principal stress range at weld W3 / toe, max = 688 MPa 
Test in rig 
The two components were manufactured and moved to Eskilstuna for rig testing with variable amplitude loading. 
Since the number of tested components is limited to a very few, a life target like failure rate cannot be directly 
verified. The mean life on test track, however, can be verified to some extent (we cannot always be sure that the 
mean strength is at hand, it can be either higher or lower). 
 
Boggi beam 
Since the boggi beam was not earlier tested for the current design, one of these was first tested to get a reference. 
After approximately 330 hours of test track loading, a crack was visible at the weld toe around the bearing, see fig 
13. This could imply a critical toe, but looking at a section through the weld, it was concluded to be a root crack 
from the start. Comparing with the analysis (270 hours) this result matches very well with the rig test of 330 hours. 
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Figure 13 Rig test cracking in current boggi design 
 
After the current boggi design test, two new boggi designs were tested in the rig. These showed a failure after 850 
and 1160 hours, but in an unexpected point, same for both cases. The cracks came where the inside backing bar 
ended, se fig. 14a-b. 
 
 
Fig 14a-b Rig test cracking in the new boggi design 
 
The computed fatigue life matched well with the rig test, but the point was not same. In the analysis of the weld in 
the radius, the sub model ended just where the backing bar ended. Looking at the stresses here, a high value was 
actually seen. However, it was believed to be a result of the boundary conditions from the load (displacements from 
the global model) and so they were neglected.  
In general: the new design has a fatigue life of approximately 3 times the current design. 
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Arm
A fatigue life target was established based on earlier CUP field measurements. Weld W3 was given main focus
and this required a special rig arrangement only involving one actuator. The fatigue target was defined as a capacity
for the force in the desired actuator position. This force was given a time signal equivalent to all loads on weld W3.
The 1st specimen was first tested with variable amplitudes until the target capacity was reached. Since no cracks
could be seen by visual inspection up to this point, the test was continued using constant amplitude only, but with a
range between the minimum and maximum force levels. The test then continued until cracks could be observed, see
fig 15. 
Figure 15. Rig test cracking of new designed arm no 1, HFMI treated weld W3, see fig 16.
Figure 16 HFMI treated weld W3 indicated with red line.
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The VA-part of the loading matched the target and this could be said to be expected for two reasons: Firstly the 
measured duty (appr. 11E9 kN^3) from the customer site was much smaller than the one used in design (pre-
assumed static loads) and secondly the use of HFMI in combination with a higher steel grade led to a capacity that 
from fatigue point of view was not necessary. The higher steel grade at this location had to be used to fulfil the 
requirements for static collapse; for fatigue just the HFMI treatment would have been sufficient at most of the 
critical locations. The continued CA-part showed a duty appr. 10 times longer (appr 113E9 kN^3) until the cracks 
were seen. So in total the fatigue life was much longer than expected and the critical point now appeared to be in a 
plate edge (see fig. 15) which is fully in line with the expected capacity of the cut edge in this location. Later 
investigation and comparison with results from the 2nd test specimen indicated it is more likely to assume that the 
crack had started from the end of a tack welding inside which was located at the position where the crack appeared. 
 
The 2nd specimen was tested with constant amplitudes only, with the same ranges as the 1st specimen (using max 
and min levels). This arm no 2 failed after appr 85% of the life of arm no 1, approximately at the same position, but 
this time the crack became visible at a cut edge with increased plate thickness, see fig.17.   
 
      
Figure 17 Rig test cracking in new design arm no 2. 
 
The fatigue analysis of the cut edge in this position showed that the cut edge could not be the reason for the failure. 
After opening the specimen it became obvious that the tack welding inside the box was the starting point of the 
crack, see fig.17. 
Discussion 
A project called FATWELDHSS has been performed trying to build lighter welded structures using thinner plates, 
higher material yield and post treatment of the weld, especially HFMI, “High Frequency Mechanical Impact” 
treatment. Two demonstrators have been built to show the result of the project, both real structures which today are 
in use and service in construction equipment machines. The current components today have plate thicknesses from 
10-25 mm with yield around 350 MPa and are in “as welded condition”. The built demonstrators have decreased the 
thicknesses, so that the structural weight could be reduced from 18-24% using plates with approximately twice as 
high yield limit (700 MPa) and applying HFMI treatment on the highest stressed weld toes.  
To be able to perform a design according to this it is necessary to use local based methods when the welds are 
analysed, in this case the effective notch method. The reason to this is that the computed fatigue life must be studied 
not only at the weld outside but also at the weld root side when full penetration is not at hand. Using nominal 
methods or hot-spot methods this would not be possible.  
Further, using HFMI treatment in the weld toes result in an increase of the fatigue strength which is so much higher 
compared to “as welded” that other things will be critical instead. This is true even for non-load carrying fillet welds 
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with a high degree of penetration: in such a case the root side will fail before the weld toe and so to reach the fatigue 
life indicated by the treatment, full penetration must be at hand. Looking at the demonstrators, this could be seen in 
the rig tests: failures showed up for the boggi in a point where the backing bar ended (on the weld root side) and for 
the excavator arm in tack welds inside the box close to the treated weld. So, one could say that in general, the HFMI 
treatment will remove the weld toe from almost any risk of failure and other points will instead be the design critical 
points.  
The method has been given suggested FAT values, see ref. [8], which compared to “as welded” condition first of all 
is much bigger and then on top of that has an additional benefit from the yield limit. So taking an increase of the 
yield from 350 to 700 a HFMI treated weld toe will improve the FAT value from 225 (as welded) to 400 MPa. 
Further, the Wöhler curve inclination is also changed from m=3 (as welded) to m=5, and so transferring stresses to 
fatigue life, this implies a fatigue life increase of typically one magnitude (depending on the stress level). To give an 
example: at 2E6 cycles the life increase factor is (400/225)^5 ≈ 18, which in practice supports the earlier comment 
that other things will be critical instead. 
The results in the analysis and the rig tests indicate that the fatigue life targets were more than fulfilled (new boggi 
compared to current, both arms). This implies that there should be room for even more design changes and even 
lighter structures. The weight reduction reached (18-24%) could be said to fulfil the target of the project (20%) and 
so when indicating that there probably is more to do, this implies that the HFMI treatment is a very promising 
method, which should have a great future even for these kinds of structures in construction equipment. However, to 
utilize the method in practice, the designers and the analysis people need to think differently and take also other 
things into account. 
These other things concern the design itself. If treatment is used in critical areas, these points will no longer 
constitute any fatigue problem and as pointed out above: other things will be critical. This implies that the design 
needs to be changed accordingly. For instance: if fillet welds are used in the design, they need to be full penetrated 
to avoid failure here. If not, they will become the critical point instead. The area where the treatment ends will be 
another needed check point: here the strength drops dramatically (a factor of 18 as in the example above) and so care 
must be taken when the analysis is made: in the example, the stress level must not exceed appr 50% of the formal 
max level (1/18^(1/5)≈0.56) at this transition point. Yet another check point is the cut section itself or the ground 
material. If standard quality is attained, these will normally not be of any problem compared to the welds (as 
welded). However, if the joints are HFMI treated and also fully penetrated, it is likely that the cut sections may 
become critical. And so the design and analysis must be careful when the requirement is stated for the cut sections 
on the drawing (standards used, quality levels stated etc). 
Conclusions 
The project called FATWELDHSS has been performed trying to build lighter welded structures using thinner plates, 
higher material yield (HSS) and post treatment of the weld, especially HFMI, “High Frequency Mechanical Impact” 
treatment. Two demonstrators have been built in WP1b of this project to show the result, both are real structures 
which today are in use and service in construction equipment machines. The current components today have plate 
thicknesses from 10-25 mm with yield around 350 MPa and are in “as welded condition”. The built demonstrators 
have decreased the thicknesses, so that the structural weight could be reduced using plates with approximately twice 
as high yield limit (700 MPa) and applying HFMI treatment on the highest stressed weld toes.  
Some conclusions drawn from the project: 
 
- The structural weight was reduced by 18-24% 
- Results indicate that there is probably even room for much more to do (thinner plates) 
- New designs of the components have a fatigue life much bigger than the current designs 
although they are lighter. 
- Rig test results agree well with the analysis 
- HFMI treatment is a very promising method if lighter structures are searched for 
- The designers and analysis people need to think differently when the component is developed 
to utilize all benefits of the treatment since the treatment makes other points become critical 
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instead. Examples are need of full penetration, need of high quality in cut sections, checking 
buckling phenomenon etc. 
 
Suggested future work: 
 
- Introduce the procedures in a work shop and real production in order to get experience of this in 
serial production 
- Choose a bigger component, where weight reduction plays a major role and estimate the impact 
on production cost, cost in service and productivity (like fuel consumption) and environmental 
influence 
- Continue to study the influence from HFMI in combination with HSS to weld quality and 
fatigue. 
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